ABSTRACT A wealth of observational evidence for flows and intensity variations in nonflaring coronal loops leads to the conclusion that coronal heating is intrinsically unsteady and concentrated near the chromosphere. We have investigated the hydrodynamic behavior of coronal loops undergoing transient heating with onedimensional numerical simulations in which the timescale assumed for the heating variations (3000 s) is comparable to the coronal radiative cooling time and the assumed heating location and scale height (10 Mm) are consistent with the values derived from TRACE studies. The model loops represent typical active region loops: 40-80 Mm in length, reaching peak temperatures up to 6 MK. We use ARGOS, our state-of-the-art numerical code with adaptive mesh refinement, in order to resolve adequately the dynamic chromosphericcoronal transition region sections of the loop. The major new results from our work are the following: (1) During much of the cooling phase, the loops exhibit densities significantly larger than those predicted by the well-known loop scaling laws, thus potentially explaining recent TRACE observations of overdense loops. We discuss the implications of our studies for the physical origins of coronal heating and related dynamic phenomena.
INTRODUCTION
Recent observations of the solar transition region and corona with the EUV spectrometers and imagers on board the space missions SOHO (Domingo, Fleck, & Poland 1995) and TRACE (Handy et al. 1999) have shown that magnetic loops, the dominant structures in the outer solar atmosphere (e.g., Bray et al. 1991) , are often intrinsically dynamic, even in apparently nonflaring conditions. Specifically, their physical structure is characterized by temporal variability and significant plasma flows along the magnetic field lines. Kjeldseth-Moe & Brekke (1998) , for instance, reported clear evidence of variability on timescales of order 1 hr in the Coronal Diagnostic Spectrometer (CDS) (Harrison et al. 1995 ) observations of loops above active regions, particularly in emission lines forming at temperatures in the 0.1-0.5 MK range (e.g., the O v 629 line). At temperatures between 0.5 and 1.5 MK, the variability appears less striking but is still pronounced, whereas at temperatures above 1.5 MK, conditions are seemingly much more stable. These intensity variations are accompanied by high Doppler shifts with corresponding speeds typically around 50-100 km s À1 , although values as high as 300 km s À1 have been recorded.
While monitoring the evolution of a solar active region at high time cadence (30 s) with TRACE's 171 channel, Reale et al. (2000a) detected the transient, highly dynamic brightening of a coronal loop lasting about 2 hr. Approximately 10 minutes after the initial, significant brightening of the loop footpoints, a moving brightness front rose from one footpoint, followed after $7 minutes by a similar front rising from the other footpoint. The brightness distribution along the loop appeared considerably asymmetric with respect to the loop apex at all times, suggesting nonsymmetric heating deposition and evolution, whereas the loop geometry and shape remained practically unchanged during the event. More recently, in a study of evolving structures in the center of an active region observed by TRACE, Schrijver (2001) found evidence for frequent catastrophic cooling and evacuation of nonflaring coronal loops with timescales of an hour or less, characterized by high-speed downflows (up to 100 km s À1 ) at temperatures traditionally associated with the transition region or even the chromosphere.
In addition to these specific observations, two widely observed features of coronal loops strongly imply timevariable heating. Transition region redshifts apparently peaking at temperatures $0.1 MK have been observed by all UV/EUV telescopes since Skylab (e.g., Athay & Dere 1989; Achour et al. 1995; Brekke, Hassler, & Wilhelm 1997; Chae, Yun, & Poland 1998; Peter 1999) and have even been seen on nearby late-type stars (e.g., Wood et al. 1996) . One attractive explanation for these shifts is that they are due to the chromospheric evaporation and coronal condensation that are natural by-products of a time-dependent heating. Earlier numerical investigations of this process with fixed grid codes tended to produce either downflows that are too slow or emission measures too low to account for the observations (Mariska 1987 ). Here we test this hypothesis fully, for the first time, through simulations with a code uniquely capable of following both transition regions as they respond to heating variations.
Further evidence for the predominance of transient loop heating is provided by the general observation of '' overdense '' loops at temperatures of order 1 MK (Aschwanden et al. 1999 (Aschwanden et al. , 2000b Lenz et al. 1999a; Aschwanden, Schrijver, & Alexander 2001; Winebarger et al. 2002) , in which the density substantially exceeds the values predicted by the quasi-static scaling laws (Rosner, Tucker, & Vaiana 1978; Craig, McClymont, & Underwood 1978; Vesecky, Antiochos, & Underwood 1979) . Both hydrostatic and steady state flow numerical models of loops (e.g., Rosner et al. 1978; Serio et al. 1981; Noci 1981; Antiochos 1984; Orlando, Peres, & Serio 1995) cannot satisfactorily reproduce the physical properties derived from recent SOHO and TRACE observations (e.g., Peres 1997; Aschwanden et al. 2000a Aschwanden et al. , 2001 Reale et al. 2000b) . We argue in this paper that time-dependent heating produces densities in the corona that are much larger than those expected from the scaling laws, consistent with those observations. Our transient heating model has two important features. First, we assume that the heating is spatially localized near the chromospheric footpoints, in accord with recent theoretical (Antiochos et al. 1999 , Antiochos, MacNeice, & Spicer 2000 and observational (Aschwanden et al. 2000a; Aschwanden 2001) results. Second, we use a numerical code, ARGOS, that has a fully adaptive spatial grid (Antiochos et al. 1999; MacNeice et al. 2000) capable of resolving all chromospheric-coronal transition region sections of the loop throughout the calculations. We describe ARGOS and the initial conditions of our model in x 2.
THE NUMERICAL MODEL
Because the magnetic field in the corona dominates the plasma, we assume a one-dimensional coronal loop model in which all quantities vary only along field lines. The loop is assumed to have a constant cross section (see Klimchuk 2000) , and for convenience, the geometry is given by the following simple analytic form (see Fig. 1 ):
where z is the height above the chromospheric footpoints, s is the curvilinear coordinate along the field lines, h is the loop apex height, L is the loop total length, and the constant b is defined in terms of h and L as
This form implies that zðsÞ ¼ 0 at the footpoints, zðsÞ has its maximum h at the midpoint, s ¼ 0, and dz=ds ¼ AE1 when s ¼ AEL=2.
Equations (1) and (2) provide a method for generating a loop of given length and height, not necessarily semicircular. Note that s is not the horizontal coordinate x, but rather the curvilinear coordinate along the loop axis, so the actual shape of the loop [xðsÞ and zðsÞ] must be calculated numerically. In addition to the coronal portion of the loop, the numerical model includes a deep chromosphere (60 Mm at a temperature $3 Â 10 4 K) at each footpoint, so that the total length of the flux tube is L þ 120 Mm (see also Karpen et al. 2001) .
Our code, ARGOS, solves the standard set of transport equations for mass, momentum, and energy in a onedimensional plasma,
Here t is time, is the mass density, V is the velocity, P is the gas pressure, T is the temperature, U ¼ 3P=2 is the internal energy, 10 À6 T 5=2 is the Spitzer (1962) coefficient of thermal conduction, Eðs; tÞ is the assumed form for the coronal heating rate (see below), n is the electron number density, and ÃðTÞ is the radiative loss coefficient for optically thin emission (e.g., Cook et al. 1989) . The component of solar gravity along the loop axis, g k ðsÞ, is computed numerically by simply differentiating equation (1). We consider a fully ionized hydrogen plasma, so that ¼ 1:67 Â 10 À24 n and the equation of state is P ¼ 2knT, with k the Boltzmann constant.
For the radiative losses, we use the same analytic form as Antiochos et al. (1999) . The adopted heating rate, Eðs; tÞ, includes a spatially uniform, temporally constant background component (E 0 ) and a time-varying component localized near each chromospheric footpoint with a scale length ¼ 10 Mm. -Plots of the one-dimensional simulated loops in a Cartesian reference frame. Here x is the abscissa along the chromosphere, and z is the height above it. The origin of the abscissa is fixed at the top of the loop. The solid line refers to loops 3, 5, 6, and 10, the dashed line refers to loops 1 and 2, and the dash-dotted line refers to loops 4, 7, 8, and 9, respectively, as listed in Table 1 .
Specifically,

Eðs; tÞ ¼ qf ðtÞ exp½Àðs
where q is the maximum transient heating rate, f is the constant ratio of the localized heating at the right footpoint to that at the left, ðtÞ is the time profile function, and s 1 is the initial position of the top of the chromosphere at each footpoint. The f 6 ¼ 1 heating imbalance reflects the observed fact that real coronal loops are not symmetric. Note that the location and scale height of the localized energy deposition are consistent with the heating properties deduced from TRACE observations (Aschwanden et al. 2000a . The time profile function is assumed to be
where t 0 is the time at which the localized heating starts and 3000 s is its total duration, chosen to be of order the coronal cooling time. For times much longer than this scale, the loop will simply evolve quasi-statically, whereas for times significantly shorter, the heating would be essentially impulsive.
To solve equations (3)- (7) we use ARGOS (see Antiochos et al. 1999 Antiochos et al. , 2000 for more details), a one-dimensional code that makes use of (1) a second-order Godunov scheme with a MUSCL limiter (Van Leer 1979) applied to the characteristic variables to advance the solution in time and (2) a fully adaptive grid implemented by means of the PARAMESH parallel adaptive mesh refinement package . An adaptive grid is essential in order to resolve the thin chromospheric-coronal transition region sections of the loop and to follow their motion with time.
The only boundary conditions imposed are at the two endpoints (rigid wall, fixed temperature), which are located many gravitational scale heights deep in the chromosphere to minimize their effect on the simulated plasma evolution. A well-known source of potential numerical problems is the exponentially growing radiative loss rate inferred for the deep chromosphere under the assumption of optically thin losses. ARGOS addresses this problem by forcing the radiative loss coefficient to vanish for T 29; 500 K and by limiting the density used in calculating the losses to 6 Â 10 11 cm À3 . The chromospheric temperature remains between 29,500 and 30,000 K in all our runs, so this simple procedure appears to work well. A more realistic approach to the modeling of the energy balance in the optically thick chromosphere is described by Anzer & Heinzel (2000) .
We have calculated 10 loop models, varying the values of the parameters introduced above as shown in Table 1 . As is expected from the well-known steady-state loop scaling laws (Rosner et al. 1978; Vesecky et al. 1979) , the uniform background heating rate E 0 must be higher for shorter loops to produce a given coronal temperature. The models naturally divide into three groups depending on their transient heating rate. Models 1-4 have relatively weak heating and reach a maximum temperature of only 1:5 Â 10 6 K (Spadaro et al. 2002) . Because loops 1-4 are cooler than typical active region loops, we do not discuss them here. Loops 5-8 have an intermediate heating rate, yielding maximum temperatures $3 MK, while loops 9 and 10 have strong transient heating and reach temperatures $5 MK.
As shown in Figure 1 , the total coronal lengths of the simulated loops range from 40 to 80 Mm, which is typical of active region loops observed by TRACE, for example. The heights range from 7 to 14 Mm, well below the gravitational scale height of 1-5 MK plasma. We note that, although some of the loops are shallowly arched while others exhibit more pronounced arch shapes (see Fig. 1 ), in no case did the loop shape significantly affect the plasma evolution presented in x 3.
RESULTS
Figures 2, 3, 4, 5, 6, and 7 show the evolution of temperature, density, and velocity as functions of distance along the loop for selected times during the simulations of the six models with substantial transient heating (Loops 5-10). Note that the velocity V is positive when the plasma motion is in the direction of increasing s. We set t ¼ 0 when the localized heating is turned on, after the initial loop with only background heating has achieved a stable, nearly static equilibrium consistent with the canonical scaling laws. To derive this initial equilibrium state, we let the system evolve as described in Antiochos et al. (1999 Antiochos et al. ( , 2000 .
The temperature, density, and velocity profiles at t ¼ 0 are denoted by solid lines in Figures 2-7 , to differentiate the initial state from the plasma conditions at five subsequent times plotted in the same figures. The general evolution of the plasma is consistent with what one would expect for dynamics driven by transient heating. The heating increase produces a large heat flux at the coronal base of the loops, driving the upward expansion known as chromospheric evaporation (Antiochos & Sturrock 1978) . Due to the heating asymmetry, the flow velocity is higher in the left leg than Spadaro et al. 2000) . In all cases, however, upflows up to 20-30 km s À1 soon predominate in both legs, driving a mass increase in the corona. At t ¼ 1500 s the heating starts to decrease, which cuts off the driver for evaporation. However, we generally see a time lag between the onset of heating decrease and the onset of coronal condensation. For example, we note from Figure 7 that the flows are still directed upward and the density is still increasing even at 3000 s, when the transient heating is turned off completely. The decreased heating eventually produces a decrease in the downward heat flux, however, and the large radiation losses from the transition region cannot be sustained. The resulting pressure deficit in the transition region causes material to drain back onto the chromosphere. These downflow velocities are of order a few kilometers per second for the loops with intermediate transient heating but become quite large (up to 85 km s À1 ) for the strongly heated cases. About 20,000-30,000 s after the end of the localized heating, depending on the specific case, the loops settle again into a state identical to the initial static equilibrium before the spatially dependent heating was turned on. The fact that all of the model loops recover their initial equilibrium so accurately, including the original grid spacing, is convincing evidence of the robustness of our adaptive mesh code.
Several key features of our results have important implications for our understanding of the observed properties of coronal loops, as outlined in x 1. First, due to the abovementioned lag between the heating turnoff and the draining phase, the density is still increasing at the time of temperature maximum because the model loop has not yet reached equilibrium. Hence, the loop would appear to be hot and underdense, assuming a filling factor of unity. As the temperature decreases, the density continues to rise and, in fact, overshoots the equilibrium value predicted for a static loop with the same coronal temperature. This behavior was seen in all 10 cases but is best illustrated by loop 9 (see Fig. 6 and also Fig. 8 , which reports the average loop density as a function of temperature, obtained during the evolution of the loop from both the numerical simulations and the scaling law theory). At 1505 s both the heating and the temperature have reached maximum, but the plasma continues to evaporate and the density continues to rise for another 2000 s. Therefore, the loop at 1505 s would be observed to be underdense. At 8520 s, the temperature in the corona has dropped approximately to its initial value, but the density now is over an order of magnitude larger than the initial, scaling law value. We propose that this evolutionary sequence explains both the apparent underdensity of most hot Yohkoh loops and the overdense loops observed by TRACE and SOHO (Aschwanden et al. 1999 (Aschwanden et al. , 2000b . The apparent underdensity alone could be attributed to plasma with temperatures around 3-5 MK having a filling factor much less than unity in the Yohkoh loops Cargill & Klimchuk 1997) , but this would make the overdensities observed by TRACE at temperatures $1 MK even harder to explain. We find our unified explanation for both phenomena a more compelling alternative. Note that loop 9 persists in these underdense/ overdense states for over 1000 s, which is much longer than either TRACE or Yohkoh exposure times and, hence, would be easily observed. Although the magnitude of the under/ overdensities depends on the magnitude of the transient heating, as expected, our results demonstrate that the underlying process should occur in all transiently heated loops.
Our transient heating model also provides a natural explanation for the observation of a flatter than quasi-static temperature profile, one of the most puzzling aspects of the TRACE loop observations (Aschwanden et al. 2000a ). Consider loop 9 at 8520 s, for example, when the peak coronal temperature has returned to its original backgroundheated value: the profile is much flatter than the initial static-loop profile, as can be seen clearly in Figure 6 . The downflows present at this stage of the evolution act as a heat sink for the coronal portion of the loop, decreasing the coronal temperature gradient (e.g., Antiochos 1984) . Again, we expect this result to be generic to all cooling and condensing loops. Furthermore, strong transient heating can account for the catastrophic loop cooling and evacuation reported by Schrijver (2001) . We note that both cases in which the transient heating is strongest, loops 9 and 10 (Figs. 6 and 7), greatly undershoot their initial temperatures and cool down to values well below 0.1 MK. In loop 10, for example, the coronal temperature decreases from $1 to $ 0.1 MK in about 2000 s; a similar temperature drop occurs in loop 9 in nearly 1600 s. Subsequently, the coronal portion of the loop drops to and remains at the minimum possible temperature ($0.08 MK, as dictated by the background heating and the enhanced density) for about 1400 s in loop 10 (800 s in loop 9), while downflows up to 85 km s À1 for loop 10 (65 km s À1 for loop 9) effectively empty a large fraction of the enhanced coronal mass onto the chromosphere. We expect that stronger transient heating would yield even larger downflows. Our model is consistent with Schrijver's conclusion that the loops must have been substantially hotter than 1 MK in their initial state. In contrast to his interpretation, however, we find that the formation of cool plasma in the corona does not require a drop in the heating at the loop apex; turning off the footpoint heating produces the desired result in a more natural manner. Finally, our model offers a potential solution to the long-standing problem of persistent transition region redshifts (e.g., Mariska 1987) . We used the predicted physical properties of each model, as shown in Figs. 2-7 , to estimate the time-dependent emission diagnostics of the loop plasma for comparison with solar observations. First, we computed the plasma emission measure separately for the left and the right halves of each model, where the left half-loop is defined as the portion where the temperature increases with s up to the temperature maximum, and the right half-loop is where temperature decreases with s. The value of the emission measure at temperature T is calculated as
where DsðTÞ is the interval of s over which the logarithm of the temperature varies from log T À 0:15 to log T þ 0:15 in the half-loop considered. We also computed the plasma velocity weighted by the emission measure in the same temperature intervals, along both the left and right halves of each model loop, using the following expression:
where DsðTÞ is defined as in the case of the emission measure. The quantity vðTÞ h i gives a rough estimate of the Doppler shifts expected for a line formed in the relevant temperature range.
Figures 9 and 10 show the emission measure and the weighted velocity for a representative moderately heated case (loop 7) and strongly heated case (loop 9), for the same times in the simulations as in Figures 4 and 6 , respectively. The left and right footpoints are plotted separately because the velocities can be significantly asymmetric. The emission measure plots reproduce the evolution described above. For example, the plots extend to larger temperatures with time during the heating increase, indicating that the maximum loop temperature is increasing. We also note that the emission measures continue to increase well after the heating maximum, due to the density overshoot discussed above. For loop 9 at t = 8520 s, when the temperature has resumed its initial value, the emission measure is approximately 2 orders of magnitude higher than its original value-the unmistakable signature of a bright, overdense loop.
One feature in Figure 10 (loop 9) needs to be explained: the apparent sharp rise in emission measure at temperatures below 0.2 MK. This feature occurs only in the presence of strong evaporation due to a large heat flux in the lower transition region and is not visible in any other cases or during the main cooling phase of the same case. We attribute this feature to underresolution of the lower transition region during the strong evaporation phase, by approximately an order of magnitude. Although it is theoretically possible to resolve extremely thin structures with ARGOS by setting the maximum level of refinement sufficiently high, in practice the time required to compute a solution under such circumstances can become unacceptably long. Even so, the transient heating problem clearly cannot be modeled at all with a fixed grid code, and the basic physical insights gained from our model calculations are not affected by the temporarily unresolved transition region.
The weighted velocity plots (bottom of Figs. 9 and 10) show how the downflows generated during the cooling and draining phase-the likely source of the redshifted UV and EUV emission lines-depend on the overall heating rate and the temperature range being observed. For the moderately heated case (loop 7), the maximum downward speeds are $5 km s À1 and are concentrated in the temperature range 0.05-0.5 MK. The strongly heated case (loop 9) exhibits faster downflows, up to 20 km s À1 , concentrated in the same temperature range. In fact, observations indicate that the transition region redshifts are largest at 0.1 MK and tend to disappear at T > 0:8 MK, in agreement with our results (Athay & Dere 1989; Brekke et al. 1997; Chae et al. 1998; Peter 1999) .
A key point is that we observe '' redshifts '' in the 0.1 MK region even during the heating phase, with magnitudes of order 5 km s À1 . Note that the weighted velocity changes sign at $0.2 MK at the time of maximum heating for both loops 7 and 9 (see Figs. 9 and 10). Above this critical temperature, material is flowing upward and evaporating into the loop, while cooler plasma is being pushed downward by the pressure enhancement due to the evaporative heat flux-a wellknown effect that has been studied in detail in the case of explosive evaporation (Fisher, Canfield, & McClymont 1985a , 1985b . Our important new finding is that the same process can be driven by less intense transient heating in active region and perhaps quiet-Sun loops, thus generating the well-known transition region redshifts. Additional simulations predicting spectroscopic diagnostics that can be compared with specific observations are planned (see, e.g., Spadaro et al. 2000; Klimchuk & Cargill 2001 ).
DISCUSSION
We conclude from the work described above that transient heating on timescales comparable to the radiative cooling time can explain several fundamental aspects of observed coronal loops. The cooling of the plasma produces higher densities and flatter temperature profiles than that expected from static models, in agreement with the recent TRACE analyses (Aschwanden et al. 2000a (Aschwanden et al. , 2000b . Transient heating also causes persistent downflows at transition region temperatures, producing a net redshift at temperatures around 0.1 MK, thus solving one of the major outstanding puzzles in solar physics. Furthermore, strong transient heating yields catastrophic cooling to temperatures well below the equilibrium value, producing cool, dynamic, Ly-emitting material in the corona as observed (e.g., Schrijver 2001).
Our results, therefore, strongly support the hypotheses that coronal heating is (1) transient in nature, (2) localized near the chromosphere, and (3) asymmetric about the loop midpoint. The localization and asymmetry are important to explain the observed flows, including siphon flows that would not occur for loop top heating. We find that No. 1, 2003 TRANSIENT HEATING MODEL FOR CORONAL STRUCTUREsignificant velocities are generated even for a heating scale of 10 Mm, which is a significant fraction of the loop length. We have considered a heating timescale of 3000 s, comparable to the loop cooling time. The actual timescale of the heating is unknown and will depend on the physical mechanism that is at work. Shorter timescales corresponding to highly impulsive heating are certainly possible. We expect that many of the effects we have described would be amplified in that case. For example, the evaporative upflows would be faster and the peak temperatures higher. It is also possible that the overdensities would be greater, giving still better agreement with the TRACE observations.
Although our model provides a compelling explanation of certain facets of loop behavior, such as the underdensity at high (Yohkoh) temperatures and overdensity at cool (TRACE) temperatures, other aspects of the observations remain a challenge to understand. For example, many Yohkoh loops and TRACE loops (Lenz et al. 1999b; Winebarger et al. 2002) are observed to persist for times that are much longer than the expected cooling times. It may be that these loops are collections of hundreds or even thousands of unresolved strands, each heated transiently as we have described here, but in different stages of the cooling and hence collectively producing a structure that appears to be steady (e.g., Cargill & Klimchuk 1997) . In this paper we have addressed the properties of single loops that are subjected to relatively slow heating variations, both with and without spatial asymmetries, whereas the investigation on the picture of multistranded loops that are heated impulsively (the '' nanoflare '' concept, e.g., Klimchuk & Cargill 2001) is not within the scope of the current work. We are also continuing to pursue this idea and hope to provide a more definitive assessment in the near future. D. S. wishes to dedicate this paper to his father, who died suddenly a few months ago while this research was in progress. D. S. and A. F. L. wish to thank the colleagues of the Naval Research Laboratory, Washington DC, where part of this work has been carried out, for their kind hospitality and cooperation. The helpful comments of the referee are also acknowledged. This work has been supported in part by the Agenzia Spaziale Italiana (contract ASI I/R/32/00) and in part by NASA and ONR.
